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Abstract—Piezoelectric (PE) materials are functional materials
that can be used for transforming mechanical stress into electrical
energy, that can then be stored and used for powering another
devices. In this paper, we provide experimental investigation of
PE transducers used for energy harvesting under external force-
controlled excitation. The lumped parameter electromechanical
model (LPEM) has been assumed and brought into a generalized
two-port network notation. Laboratory experiments using an
universal test machine (UTM) were performed and used for
the parameter identiﬁcation of the model. The two-port model
formulation is validated by comparing results of numerical
simulations and experimental data. A numerical analysis of
power conversion between the mechanical and electrical domains
and potential energy harvesting capabilities of the PE transducer
under stress are presented based on the experimental results.
Index Terms—piezoelectric transducer, two-port model, energy
harvesting, system identiﬁcation, electromechanical model
I. INTRODUCTION
Piezoelectric (PE) materials have been used in actuation
systems requiring precision in nano-positioning and force
control, such as micromanipulators, micro-valves, atomic force
microscopes, adaptive optics, ultra-precision machine tools
and structure dampers [1], [2]. PE materials are favorable due
to being compact, light-weight and with high precision and
high bandwidth response [2].
Despite being mostly known for their use as actuators, the
piezoelectric effect exhibited by these materials can be divided
into two direct and converse effects. When an electric ﬁeld is
applied between the electrodes, it produces a mechanical strain
which can be used for actuation and positioning (converse
effect). A PE material produces an electric potential when
strained (direct effect), which can be used for sensing applica-
tions, such as in electro-acoustic transducers, pressure sensors
in touch pads or tilt sensors in consumer electronics [3].
Over the last decades, PE materials have been actively
researched also in energy harvesting applications, mainly due
to their high actuation frequency range, high power density
and bidirectional coupling between mechanical and electrical
properties. For an extensive overview of the use of PE mate-
rials in energy harvesting applications we refer to [4]–[9].
The most conventional description of the piezoelectricity
was published by the standards committee of the IEEE [10]
as linearized constitutive equations
Si = s
E
ijTj + dkiEk, (1)
Di = dikTj + ε
T
ikEk. (2)
The constitutive equations state that the material strain
Si and electrical displacement Di are linearly related to
the mechanical stress Tj and the electrical ﬁeld Ek. The
piezoelectric charge d, permittivity ε and elastic compliance s
are the material constants, the i and j subscripts indicate the
directions of displacement and polarization.The superscripts
E and T denote that constants are evaluated at constant elec-
tric ﬁeld and constant stress, respectively. Despite describing
uniformly the general relationship between the electrical and
the mechanical domain, these equations lack to capture both
nonlinearities and dynamic transients observed in PE actuators
and transducers, such as rate-independent hysteresis, creep and
vibrations. Furthermore, these constitutive coefﬁcients can turn
out as temperature-dependent and show a strong electric ﬁeld
dependency.
Different modeling approaches have been proposed in the
literature for the electromechanical behavior of PE materials,
see [1] and references within. Some models do not decouple
different dynamics and physical effects, are only valid over
small frequency ranges and neglect other effects such as creep
and vibration dynamics. In order to account both forward and
feedback interaction between the electrical and mechanical
domains (both direct and converse PE effects), a physics or
domain-oriented modeling approach is needed to obtain an
electromechanical comprehensive model as referred e.g. in [2],
[3].
Some models follow a cascade model structure, where
decoupled sub-models are used to model hysteresis, creep,
and vibration dynamics effects, and connected to form a
comprehensive model of the PE. Also, due to the cascading
connection between the sub-models, this model structure is
very suitable for implementing control schemes with their
inverse models. Although, cascade model approaches mostly
take into consideration one-way coupling, since they are rather
control-oriented approximations [2]. For applications envisag-
ing the simultaneous energy harvesting and damping control of
the PE transducer, a physical electromechanical interpretation
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that can be compatible with a two-port network model [11]
and capable of incorporating a two-way PE coupling effects
is needed.
A most notable approach was introduced by the lumped
parameter electromechanical model (LPEM) proposed in [12],
[13], managing to postulate the nonintuitive behavioral phe-
nomena evidenced by PE actuators. A more detailed view of
the LPEM model and its inclusion in the two-port network
model is later described in Section II. An extended lumped pa-
rameter was proposed in [14] where state-varying capacitance
and Voigt-Kelvin-type linear creep effects were incorporated
into LPEM model and have been experimentally demonstrated
on a standard commercial PE stack actuator.
This paper provides experimental investigation of PE ele-
ment used for the energy harvesting under the force-controlled
external excitation. The LPEM model has been brought into
a generalized two-port network notation and identiﬁed from a
series of dedicated experiments on an universal test machine
(UTM). In particular, for mechanical excitation cycles we
measure and analyze the harvested energy output of the PE
element under stress. The paper is organized as follows. In
Section II we summarize the implemented two-port model
based on the LPEM including hysteresis. The experimental
setup for PE excitation and measurements is described in
Section III. The analysis of the experimental results, parameter
identiﬁcation, power and energy estimation are discussed in
Section IV and the paper is summarized in Section V.
II. SYSTEM DESCRIPTION
A. Lumped parameter electromechanical model
Before formulating the two-port network for the PE trans-
ducer we brieﬂy summarize the lumped parameter electrome-
chanical model [12], [13]. The lumped parameter consider-
ation leads to ordinary differential equations describing the
system dynamical behavior. Assuming the PE transducer as a
one-mass m with stiffness k and damping b, the mechanical
domain is governed by the differential equation
mx¨+ bx˙+ kx = Ft + F , (3)
where Ft represents the transduced force from electrical do-
main and F the external mechanical force.
Since PE materials are dielectric, the electric domain is
mainly governed by a capacitive behavior. Experimental ob-
servations show rate-independent hysteresis exhibited between
voltage and displacement as well as between force and
displacement. Since there is no hysteresis when with open
leads, but it is rather observed when closed leads between
displacement and charge, this allows to postulate that the net
electrical charge qp across the PE is given by the sum of two
components
qp = qc + qt (4)
where the component qc results from the voltage across the
capacitor and is deﬁned by
qc = Cvt, (5)
where C is the electrical capacitance of the PE. Due to the
direct PE effect, there is a coupled charge induced by the
mechanical domain because of the relative displacement x.
Also, due to the converse PE effect, there is a transduced
force from the electrical domain proportional to the capacitor
voltage. Considering the constant transformer ratio T , the
electromechanical coupling between both domains is given by
qt = Tx, (6)
Ft = Tvt. (7)
Rate-independent hysteresis lies solely in the electrical
domain, between the applied actuator voltage and resulting
charge [12], introducing the non-linearities into the electrical
domain that can be expressed as
vh = H(q). (8)
From Kirchhoff’s second law, the overall voltage between
electrodes of the PE is given by
vp = vt + vh. (9)
Note that one of the outputs of the electromechanical model
is the charge qp, which is generally challenging to measure.
The resulting current ip = q˙p is ﬂowing through the PE
transducer when the circuit is closed.
B. Two-port network model
A transducer converts energy from the source domain into
another energy (sink) domain. PE transducers have one port
in the mechanical domain and one in the electrical domain.
Generic two-port network transducer models can be applica-
ble for most types of reciprocal power conserving transducers,
in particular for electrostatic, piezoelectric, electromagnetic
and electrodynamic transducers [11], [15]. A standard two-port
model of a transducer can be deﬁned by the input across and
through variables and the respectively output variables. The
across variable for an electrical element is voltage and the
through variable is current (or charge). The across variable
for mechanical element is force and the through variable is
velocity. The power can be then obtained by multiplying the
across and through variables.
A simple linear two-port PE transducer can be formulated
directly from linear constitutive equations (1) and (2)[
S
D
]
=
[
s d
d ε
] [
T
E
]
(10)
and was used in [11] to formulate an estimation of the
maximum output power and efﬁciency of the system. But here
one should consider that a PE transducer two-port model is a
bidirectionally coupled 2×2 multi-input-multi-output (MIMO)
system which is nonlinear, in general terms. Therefore, our
goal is to derive a two-port model, which describes both
actuating and sensing transducer effects coupled between the
electrical and mechanical domains, and that relying on the
prime, to say physics-based, principle of the PE.
From the LPEM equations (3-9) it is possible to map the PE
transducer that couples the electrical and mechanical domains,
as shown in Fig. 1.
Fig. 1: Two-port network model for the PE transducer.
C. Hysteresis behavior
The Maxwell-slip model structure used to describe the
voltage-charge hysteresis in [12], [14] coincides with the
Prandtl-Ishlinskii (P-I) stop-type hysteresis [16]. It resides in
the electrical domain and relates the transducers electrical
voltage to charge. In the implemented two-port network model,
the rate-independent hysteresis is inversely modeled as
qp = H
−1(vh) (11)
and therefore implemented using the P-I play-type operator.
This operator is well-known in mechanics and often used for
describing the kinematic play, also known as backlash. It pro-
vides a multi-valued rate-independent map under a common
input v˙ into each operator. The play-type hysteresis operator
dynamics can be described in a differential form [16] as
q˙ =
{
v˙ if q − r = v ∨ q + r = v
0 if q − r < v < q + r . (12)
The P-I hysteresis models show a fast analytical compu-
tation in both forward and inverse hysteresis models. Using
the superposition of play-type operators as schematically il-
lustrated in Fig. 2, it is possible to sufﬁciently map the real
hysteresis by relatively small number of free parameters.
Fig. 2: Schematic representation of P-I play-type model with
two operators.
D. Energy harvesting
Vibration suppression and energy harvesting of a PE trans-
ducer can be done by shunting the free leads to an impedance
[17]. A typical energy harvesting circuit for the PE element
consists in a AC-DC full rectifying bridge with an output
capacitor [4], [18]. That is however subject to our future works,
since in this paper we use a passive load to estimate the po-
tential energy harvesting output of the transducer under force
loads. Due to the bidirectional coupling, the PE transducer can
convert energy from the mechanical to the electrical domain
and vice versa. The energy conversion in the PE transducer
reveals how much of the potential power supplied by the
vibrations actually gets converted to electricity. The conversion
efﬁciency is commonly given by
η =
Pout
Pin
, (13)
where Pout is the electrical power output and Pin is the
mechanical power supplied by the force excitation [15]:
Pmec = Fx˙ and Pele = vpip. (14)
The energy can be obtained by numerical integration of equa-
tions (14). The energy losses dissipated in the PE transducer
due to damping and coupling effects can be expressed by
Emec = Eele + Eloss. (15)
III. EXPERIMENTAL SETUP
The experimental setup consists of a PE transducer under
compressive load excitation. During the experiments, four
variables are being monitored: the force excitation F applied
to the PE, the relative displacement x, the voltage vp across
the two electrodes of the PE and the current ip ﬂowing through
the closed circuit.
The measuring circuit includes a resistive load and a shunt
resistance (Rshunt = 100Ω) for current measurement as
shown in Fig. 3. A current sense ampliﬁer was used to increase
the voltage output of the current shunt resistance (TI INA213)
as the measured voltage vsense with an ampliﬁcation factor of
50. Two other operational ampliﬁers (AD8510) were used as
buffers for measuring the voltage between the electrode ends
of the PE stack. Three different impedances were used as load:
R1 = 51.43kΩ, R2 = 97.78kΩ and R3 = 143.8kΩ.
Fig. 3: Electronic circuit for voltage and current measurement.
The specimen was tested using an UTM from SI-Plan.
Several load experiments were conducted under compression
using two types of the force loads: step and sinusoidal. The
experiments carried out under step load proﬁles consist in a
step force applied during 5 seconds, followed by the release
of the force. Experiments were carried out with different
loads Fstep = {0.50, 0.75, 1.00, 1.25} kN. The experiments
with sinusoidal load proﬁle were conducted under different
maximum peak forces Fmax = {0.50, 0.75, 1.00, 1.25, 1.50}
kN , and for different frequencies f = {1; 2; 3; 4; 5}. A
minimum peak force offset around 0.1kN was applied to avoid
loss of mechanical contact due to no compression forces.
The force measurements were provided by the load cell
installed in the servo-hydraulic actuator of the UTM (Si-Plan
S8390 load cell, rating: ± 25kN, sensitivity 0.593mV/V, 700Ω
bridge), from the analog voltage output and the corresponding
calibration curve for determining the offset voltage for zero
load. The relative displacement, which corresponds to the
stroke of the PE, is measured by a laser-optical displacement
sensor conﬁgured in direct reﬂection mode (Micro-Epsilon
ILD2300-2, Measuring Range: 2mm, Resolution: 0.03μm).
This sensor provides a conﬁgurable analog voltage output
through the C-Box conditioning signal unit. A 3D-printed
frame was produced to allow the adjustment of the mea-
surement range and the ﬁxture of the sensor to the bottom
frame of the machine. The analog signals monitored during
the experiments were collected using a dSpace MicroLabBox
through standard BNC connectors. The analog measuring input
channels have a voltage range of ±10V followed by an ADC
with a resolution of 16bit and the sampling rate was set to
1kHz. To guarantee the load distribution over the PE surface
and minimize the effects of small misalignments between the
top clamp with bottom frame of the machine, the load was
applied into a sphere joint and then transferred to the PE
through a steel rod. An additional metal plate was added to
create a reﬂection surface for the laser beam. The laboratory
view of the implemented PE setup under load excitation in the
UTM is shown in Fig. 4.
Fig. 4: Laboratory view of the PE in the UTM.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The measured relative displacement or stroke x, current ip
and voltage vp during the two force load experiments are
depicted in Fig. 5 and Fig. 6. The voltage and current peaks
resulting from the step force load reﬂect the charge ﬂowing
through the PE caused by the change of polarization due
to mechanical stress. The output current voltage is also a
symmetrical sinusoidal signal under sinusoidal load. The hys-
teresis between voltage and displacement as well as between
force and displacement cf. with [12], [13] were observed.
From sinusoidal load excitation under different frequencies,
one sees that for low frequencies (1-5 Hz) the hysteresis is
rate-independent, as shown in Fig. 7.
Fig. 5: PE under a step load excitation
Fig. 6: PE under a sinusoidal load excitation
Fig. 7: Measured hysteresis: (a) Displacement-Force; (b)
Displacement-Voltage.
A. Power and energy analysis
From eq. (15), one can estimate the average electrical
energy that can be harvested per cycle (one cycle considers
the step load and step unload) and the corresponding power
peaks. Newton-Cotes Simpson’s rule was used for the discrete
numerical integration of the electrical power output. The
average values from the different experiment conditions are
listed in Tables I and II.
TABLE I: Average Eele/cycle and Pele peak under step force
excitation
Force (kN) Rload (kΩ) Eele/cycle (mJ) Pele peak (mW)
0.50 51.43 0.594 0.579
0.50 97.78 0.519 0.339
0.50 143.8 0.470 0.257
0.75 51.43 1.397 1.484
0.75 97.78 1.213 0.856
0.75 143.8 1.090 0.634
1.00 51.43 2.450 2.386
1.00 97.78 2.123 1.366
1.00 143.8 1.908 0.996
TABLE II: Average Eele/cycle and Pele peak under sinusoidal
force excitation
F = 0.5kN F = 0.75kN F = 1kN
f Eele/cycle Pelepeak Eele/cycle Pelepeak Eele/cycle Pelepeak
(Hz) (mJ) (mW) (mJ) (mW) (mJ) (mW)
1 0.22 0.04 0.57 0.12 1.02 0.21
2 0.34 0.08 0.94 0.21 1.70 0.36
3 0.39 0.08 1.20 0.25 1.93 0.39
4 0.41 0.09 1.26 0.26 2.02 0.41
5 0.42 0.09 1.28 0.26 2.08 0.42
The velocity x˙ was obtained via numeric differentiation. A
Butterworth 3rd order low-pass ﬁlter with cut-off frequency of
100Hz was applied to x˙ to remove the effects of derivate signal
noise. The same ﬁlter was applied to force F to introduce the
same phase lag, therefore calculating Pmec and Emec shown
in Tables III and IV.
In the sinusoidal force solicitation, it is noticeable that the
harvesting potential saturates as the frequency increases, due
to the resistive circuit load. The harvesting potential can be
increased using synchronized switch harvesting on inductor
(SSHI) techniques [19], [20], which consist in adding up a
switching circuit in parallel with the PE element. In SSHI
harvesting methods, the PE voltage is always increasing,
except during the switch which inverts the PE voltage at each
peak, and has always the same sign as the velocity x˙.
The power dissipated by the load resistance is small when
compared with the power provided by the mechanical load
excitation. The PE shunt-damping introduced by the resistance
Rload reduces the mechanical vibration and, consequently,
the total harvested energy. The load impedance needs to be
tuned to the shunt-circuit resonant frequency of the system to
increase the harvesting power.
B. Parameter identiﬁcation
The two-port model was parameterized for a commercially
available PE ring stack transducer (Noliac NAC2125-H10).
TABLE III: Average Emec/cycle and Pmec peak under step
force excitation
Force (kN) Rload (kΩ) Eele/cycle (mJ) Pele peak (mW)
0.50 51.43 15.241 24.623
0.50 97.78 15.163 24.655
0.50 143.8 15.540 25.111
0.75 51.43 31.997 46.927
0.75 97.78 28.925 47.124
0.75 143.8 29.246 48.172
1.00 51.43 45.359 73.847
1.00 97.78 44.665 77.284
1.00 143.8 44.807 76.928
TABLE IV: Average Emec/cycle and Pmec peak under sinu-
soidal force excitation
F = 0.5kN F = 0.75kN F = 1kN
f Emec/cycle Pmecpeak Emec/cycle Pmecpeak Emec/cycle Pmecpeak
(Hz) (mJ) (mW) (mJ) (mW) (mJ) (mW)
1 11.01 2.57 20.80 4.20 31.14 6.78
2 21.11 4.33 41.34 8.29 61.94 12.52
3 32.04 6.39 65.24 12.60 92.34 18.84
4 42.91 8.32 88.67 18.95 123.14 26.17
5 53.81 11.01 112.59 24.68 155.62 34.43
The mass was calculated from the geometry and density of
the material. The mechanical stiffness was calculated using
the blocking force and free endpoint displacement to the
rated voltage. From the open-lead stiffness and the charge
and voltage constants, one is able to estimate an initial value
for the electromechanical coupling T . The linear electrical
capacitance C is provided in the supplier datasheet. The initial
damping coefﬁcient b value was based on previous works,
assuming the same critical damping [12].
The measurements from different force and frequency of
sinusoidal loads were used for identifying the hysteresis be-
havior of PE transducer. The sinusoidal load frequencies f are
very low when compared with the high resonating frequency
of the PE transducer. P-I hysteresis model was discretized
with n = 3 elements. The ri and wi parameters for the
correspondent deadband width and slope have been identiﬁed
simultaneously with the damping coefﬁcient b and transformer
ratio T . The parameter identiﬁcation used the minimization of
min
∫ [(
i(t)− iˆ(t)
)2
+ (x(t)− xˆ(t))2
]
dt (16)
where iˆ(t) and xˆ(t) are two-port model estimated outputs for
current and displacement, respectively. The determined system
parameters are listed in Table V.
The comparisons of the experimental responses of the
PE transducers and two-port model simulation responses are
represented in Fig. 8 and Fig. 9 for the step and sinusoidal
loads.
V. SUMMARY
In this work, a two-port network model of a PE transducer
has been implemented and the model parameters were iden-
tiﬁed with experimental data. The model was based on the
lumped parameter electromechanical one [12] and couples the
TABLE V: Determined system parameters
Variable Description Value Units
m Mass 0.0158 kg
b Damping coefﬁcient 1250 Ns/m
k Stiffness coefﬁcient 3.125× 108 Ns/m
Rload Load impedance 97.78 kΩ
C Capacitance 3.2 μF
T Electromechanical coupling 7.822 -
r1 P-I operator 1 threshold 0.1 μF
r2 P-I operator 2 threshold 0.3 μF
r3 P-I operator 3 threshold 0.7 μF
w1 P-I operator 1 slope 0.5 V/μF
w2 P-I operator 2 slope 1.5 V/μF
w3 P-I operator 3 slope 0.5 V/μF
Fig. 8: Measured and Two-Port predicted displacement and
current response to a step load (Fstep = 1.25kN).
Fig. 9: Measured and Two-Port predicted displacement and
current response to a sinusoidal load (Fstep = 1.25kN and
f = 2Hz).
electrical and mechanical domains in both directions. Experi-
mental measurements allowed to observe the hysteric behavior
on the electrical domain. The two-port network model was
evaluated by comparing results of numerical simulations and
experimental data under the direct PE effect. The analysis of
the power in the electrical domain demonstrates the capabil-
ities of PE transducers to harvest sufﬁcient energy to power
small electronic circuits, even though the applied resistive load
was not optimal. SSHI energy harvesting strategies should be
further investigated.
An accurate prediction of both mechanical and electrical
output variables by the derived two-port network model argues
in favor of its further use in analysis and design of a PE-
based energy harvesting system, which principal feasibility
was conﬁrmed in this experimental investigation.
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